The behavior of colloids is governed to a great extent by their interactions with various chemicals which in turn are influenced by their surface properties including electrostatic charge. In the past, mechanisms of charge generation on simple solids, such as oxides, and salt types, such as calcite, and adsorption of simple species, such as chlorides, alkyl sulfonates, and water-soluble polyelectrolytes, on them have been explored and well understood. Microstructures of adsorbed layers have been probed using spectroscopic, electrokinetic, and scanning microprobe techniques and the proposed aggregation of surfactants and polymers at interfaces to form solloids 1 ("Surface cOLLOIDS" such as hemimicelles) has been verified. Interactions in simple systems have also received considerable attention. The challenge now lies in understanding complex real-life systems consisting of mixed multicomponent solids in media containing a variety of organic and inorganic species. The most exciting results will possibly come from studies of the colloidal behavior of dynamic natural colloids such as microbes. In this treatise some of the enigmas in real life systems and the challenges involved in understanding and utilizing them are explored. Future colloids and nanoids 2 will be designed so that the adsorbed layers, like the living entities, will respond to external perturbations and reorient/reconform themselves for optimum behavior. Based on the dynamics, one can envisage novel materials and processes that will perform a specific function in response to externally controlled perturbations. These novel systems will find applications for functional coatings and films, signal transmission devices, nanoelectronic circuits, and drug delivery and toxin extraction. C 2002 Elsevier Science (USA)
INTRODUCTION
Colloids respond to various forces in nature in remarkable ways and in turn enhance numerous facets of our own lives. Our best discoveries have been made by simulating nature and thus the artificial colloids in commercial or household systems exhibit behavior similar to that of those that occur naturally. All these systems, natural or man-made, are dynamic in nature and entertain many important interactions between their various components. Basic colloidal systems can be represented by the tetrahedron shown in Fig. 1 with surfactants, polymers/proteins, solids, solvents, and gases/oils occupying different critical positions, the behavior of the systems being determined by the dynamics of the interactions between the moieties in crucial locations. Future scientific and technological advances depend on fully understanding such interactions and utilizing them efficiently.
While the properties of single components in water under equilibrium conditions are well understood today, those of real dynamic multicomponent systems have yet to be explored to the extent that their behavior could be predicted. Interactions in single and, to some extent, binary systems have been studied in the past, for example, to determine the adsorption properties of surfactants and polymers on solids. Complex natural or industrial systems can, however, be understood completely only if the nature of the dynamics of interactions among several components is known. A knowledge of the colloidal behavior of mixed solids in mixed surfactant/polymer solutions and their synergetic/antagonistic responses, both under static and dynamic conditions, has to be generated to develop reliable predictive methodologies and therefrom to design new technologies or to modify the current ones. For example, the development of new drugs or new safe delivery and removal systems depends on building a knowledge base of interactions among lipids, polymers and proteins as well as such minerals as apatite. Anyone working on multicomponent colloidal systems, normally encountered in industries such as minerals, specialty chemicals, personal care and cosmetic products, agriculture products, paints and inks, textiles, or microelectronics, would have encountered many complex and sometimes puzzling problems that remain unresolved today. Components relevant to most of these colloidal systems are minerals, surfactants, polymers, proteins, bubbles, and droplets. This treatise will start with some of the simpler single component systems of minerals, surfactants, and polymers; move toward increasingly complex systems; and end with selected real-life examples made up of the components that are of significant relevance to us. Challenges in understanding the interfacial responses of colloidal players to perturbations in system parameters such as pH and ionic strength, or in forces such as that due to electrostatic fields, are explored. The development of smart micro-or macrosystems will depend to a large extent upon our ability to monitor and control the concentration as well as the conformation and even the orientation of the species and structures at interfaces using some of these parameters and forces.
MINERALS
While properties of minerals are determined primarily by their constituent species and the surrounding medium (1), they are also influenced markedly by the conditions under which they are prepared, stored, and introduced into the system (2a, 2b) . For example, in the case of apatite, the point of zero charge of a synthetic sample is about 7, while that of a natural one is about 5.5 and, as expected, is shifted markedly by the addition of its constituent species such as phosphate, calcium, and even fluoride which can substitute into the mineral lattice (3). Furthermore, its zeta potential is dependent on the method of preparation and cleaning. The point of zero charge (pzc) of even a simple solid such as alumina has been shown to vary from 3 to 10, depending on the source, the method of preparation, and the technique used for monitoring the electrokinetic properties (4a). In the case of quartz, variations in the cleaning and aging conditions alone can alter its pzc from below 2 to as high as 6 (2b) . Much of the controversy in literature on the behavior of mineral solids can in fact be attributed to these variations, particularly from laboratory to laboratory. It is important to recognize that these properties can undergo further critical changes if other solids are also present in the solution. This is especially true in the case of semisoluble minerals such as calcite and apatite which can undergo dissolution and then precipitation of the dissolved species on the surface of each other. This effect has been clearly illustrated in the case of the apatite/calcite system. Thus, apatite surface is converted to that of calcite if left in calcite supernatant, but surprisingly the reverse conversion where calcite is converted to apatite is also possible if the former is left in a supernatant of the latter (Fig. 2 ) (5) (6) (7) . It should be noted that such surface alterations can produce drastic effects on processes such as flotation; the effect of apatite supernatant on calcite flotation using oleate has been shown to be to depress it completely. Interestingly, the effect of its own supernatant on the flotation of calcite is significant, suggesting the importance of the kinetics of bulk interactions between the surfactant and the dissolved species in comparison to that of its adsorption on the mineral. Similar effects have been observed for a number of other systems as well (8) (9) (10) (11) (12) .
Challenges. In the case of minerals, in view of the wide variations reported in surface properties, it is important to first establish the optimum conditions for the preparation and treatment of particles to generate "ideal" surfaces lest discrepancies continue in the literature on the behavior of colloidal particles. Moreover, how should such surfaces be obtained and conserved? One proposed way of obtaining a nearly ideal surface is to age it under isoionic/isoelectric conditions that might yield surface composition and structure close to that of the bulk (4a). As indicated previously, marked alterations in the interfacial and colloidal behavior of individual components are observed when many solids are present in the system. It would be useful to identify the species and processes responsible for such conversions and correlate with the thermodynamical demands of the system, as has been done for the conversion of calcite to apatite and vice versa on the basis of the solution chemistry of the apatite/calcite system (5, 6) . Identification of the surface reactions responsible for conversions in mixed solid systems is important as it can help in designing reagents that can complex with interfering species and thus prevent the detrimental effects observed in the processing of solids (8, (13) (14) (15) . Similarly, a thorough knowledge of the reasons behind the source-, preparation-, and agingdependent variations in surface properties is critical for making further progress in the increasingly difficult task of separating solids from each other in the ultrafine and nano ranges. The major challenges in this area were explored during two National Science Foundation workshops on the beneficiation of minerals that were conducted almost two decades ago (16, 17) . Unfortunately, almost all the challenges raised at that time for the production, separation, and processing of solid fines still remain to be met (18).
SURFACTANTS
Modification of surfaces by the adsorption of surfactants or the prevention of such adsorption is crucial for the successful operation of many commercial processes. Thus, while separation of valuable materials from wastes or ores by flotation depends on the selective adsorption of surfactants on specific solids in a mixture, micellar flooding for enhanced oil recovery depends on the minimum adsorption of surfactants on reservoir rocks. However, wettability does not appear to be controlled by adsorption alone (Fig. 3) . It can be seen that in these cases not only is the amount of adsorbed surfactant important but also the manner in which it adsorbs. For example, orientation of hydrophobic tails toward the bulk solution and away from the mineral surface is important for flotation, while the reverse orientation is required for keeping the rock oil repellant for enhanced oil recovery.
In the case of surfactants also, the behavior of single systems has been well studied (19) (20) (21) (22) (23) (24) . An example is the adsorption isotherm of dodecyl sulfonate on alumina which is characterized by four distinct regions. Using a multipronged approach involving advanced spectroscopic techniques based on fluorescence, electron spin resonance, NMR, and resonance Raman, along with the conventional techniques of electrokinetics, flotation, and aggregation, the formation of solloids (surface colloids or assemblies on the solid) with orientation that has marked effects on such interfacial processes as flotation and flocculation has been demonstrated ( Fig. 3) (25a, 25b) . the isotherm to be the result of different combinations of electrostatic and hydrophobic mechanisms dominating in each region. While initially only electrostatic forces are in effect, above a certain adsorption density, association between the adsorbed hydrocarbon chains begins to dominate the adsorption. Once the surface charge is nearly neutralized by the surfactant counterions, only the associative interactions are operative. The plateau corresponding to the maximum adsorption is dictated by micelle formation in the bulk or monolayer coverage. The initial parts of the isotherm are adequately represented by the equation
where δ is the adsorption density, C is the bulk concentration, r the radius of the adsorbate, z is its charge, ψ δ is the potential at the Stern plane, n is the number of carbon atoms in the chain, and φ is the association energy per CH 2 group. There are models that take into account important parameters such as the heterogeneity of the samples (26, 27) . Nevertheless, no universal model that can adequately represent the adsorption of surfactants in general on solids in different media exists. Adsorption will depend on the nature of the functional group as well as on the properties of the solid and the solvent. While an increase in chain length does increase the adsorption from aqueous solutions as expected, even an apparently minor change in the position of the functional groups or branching can alter adsorption by orders of magnitude, with corresponding changes in the hydrophobicity of the substrate (Fig. 4 ) (28) (29) (30) ; the reasons for these effects
are not yet completely clear. Another interesting effect is that of ethoxyl groups used in controlling the wettability of solids. Surfactants containing 40 ethoxyl groups have been reported to impart hydrophobicity in a narrow concentration window, but the ones containing 10 ethoxyl groups yielded a half-window at much higher concentrations (31) . A puzzling observation in this regard was the lack of adsorption of ethoxylated compounds on alumina in comparison with their marked adsorption on silica, which has been only partially accounted for by considering acidbase properties of the solid (32a). This behavior is quite opposite to that of the sugar-based surfactants which adsorb on alumina and titania with solloidal aggregation but not on silica (32b, 33) . The implication of the nature of the surfactant structure formed on solids in practical processes such as flotation, detergency, and micellar flooding should be noted. While we have some understanding of the general effect of the structure, it is not clear how exactly the molecules are oriented in such a structure or how the structures are affected by the type of surfactant, solid, and medium or by the history of the systems (mixing, purity, oxidation, etc.). Most importantly, very little is known about the dynamics of the system, i.e., the manner in which the molecules approach or leave the surface or reconform while in the adsorbed state itself. Similarly, there is no information available on how the molecules respond when the system is perturbed: do they rearrange individually, collectively, or in patches, and are the intermediate conformations the ones that rearrange to the final structure?
Nonaqueous systems. In contrast to adsorption in aqueous systems, adsorption from nonaqueous systems has received scant attention. In a study of the adsorption of surfactants on alumina from cyclohexane, the cationic surfactant/dimethyl dodecylamine was found to adsorb more on acidic surfaces, whereas the anionic Aerosol OT adsorbed on basic surfaces, suggesting that adsorption probably occurs through interactions between the polar groups on the surfactant and the solid ( Fig. 5) (34) . Increase in the solvent polarity caused a decrease in adsorption. Correlation of the properties of the solid, the surfactant, and the medium showed the maximum adsorption to occur when there was maximum difference between the solubility parameters of the surfactant and the solvent and between those of the solid and the solvent and minimum difference between those of the surfactant and the solid (35). Floculation of polar materials in nonpolar medium is prevented by the addition of a surfactant such as Aerosol OT. However, this is effective only within a specific concentration window of water ( Fig. 6 ) (36). Electron spin resonance experiments suggest that above monolayer adsorption, subsequent water uptake leads to the formation of a floating water film on the solid which in turn can induce floculation by capillary bridging (37) . Surprisingly, flocculation was also observed when the system was dry! This is proposed to be due to the need to have some water on the surface of alumina to allow the ionization of the adsorbed surfactant molecules.
Mixed surfactants. While most of the fundamental work on surfactants has been conducted till now with single surfactants, it is recognized that commercial and natural systems are invariably mixtures. The components in a mixture could enhance the efficiency of processes due to synergy or even antagonism among them under different conditions. While there has been some significant development in the treatment of solutions the effects of such surfactants (50) have not yet been adequately explained by any theory. In most cases, adsorption seems to be determined by   FIG. 6 . Effect of water on the stability of alumina suspension in cyclohexane (36).
FIG. 7.
Concentration of monomers of the nonionic ethoxylated nonyl phenol and cationic tetradecyl trimethyl ammonium chloride from their mixtures (39) . the concentration of the monomers rather than by the concentration of the micelles, yet quantitative treatment is hampered by the difficulty in describing the monomer concentration itself. For example, for a mixture of cationic tetradecyl trimethyl ammonium chloride and nonionic ethoxylated nonyl phenol, the concentration of the cationic monomer could be reasonably described by the regular solution theory, but the concentration of the nonionic surfactant was very different from the theoretical values (Fig. 7) . This has been proposed to be due to the formation of more than one type of micelle and their coexistence. While intuitively unacceptable, coexistence of numerous phases or, in general, diversity is hardly uncommon in nature.
Challenges. Earlier works with surfactants have probably resulted in as many questions as answers. The important and challenging ones include how exactly do the surfactants orient individually and collectively and why is the hydrophobicity so drastically affected by the position of the functional groups as in the case of para-and meta-xylene alkyl sulfonates, what is the role of groups such as the methyls in shielding the main chain from the ionic group and thus possibly improving the hydrophobicity of the surfactant and in the case of hydrophilically modified surfactants such as the ethoxylated alkyl sulfonates, how are the ethyl groups orienting that affects the wettability of the solid surface? Equally probing are questions such as why do the ethoxylated surfactants adsorb more on silica than on alumina, while the reverse is true for sugar-based surfactants, and what determines adsorption from nonaqueous media, and what are the properties of the adsorbed layer that are responsible for the observed behavior of particles in such suspensions? Some of the other questions that warrant attention include what leads to synergy in some cases and antagonism in others in the case of mixed surfactants, why do some components from a mixture preferentially adsorb at interfaces, do different types of micelles coexist, what leads to their stability and can the reasons be quantitatively stated and utilized to create new nanoids, and, finally, can such nanoids be assembled systematically for creating new superstructures and micromachines with unique capabilities. Ideally, a universal relationship or a set of relationships needs to be developed between the structure of surfactants and their behavior at interfaces. The most intriguing and challenging question is regarding the dynamics of the interfacially active molecules when their adsorbed layers are perturbed. Indeed, there is a need in this regard for developing new techniques to explore such dynamics on a molecular scale. This is particularly true for systems containing more than one surfactant. Information on exchanges between various species and on how each rearranges as another approaches would be useful for controlling the behavior of these systems and for developing smart nanosystems. Clearly, what is needed is a systematic multipronged attack to study the adsorption, wettability, charge, and conformational characteristics of a series of surfactants with functional groups of various lengths, positions, and branches.
POLYMERS
Polymers are widely used currently for a variety of purposes such as dispersion/flocculation, deposition/coating, adhesion, rheology, and insulation. Among the properties that affect their performance are adsorption and conformation, which in turn are determined by molecular weight, polydispersity, and functionalization, particularly with ionic and hydrophobic groups. Although synergetic combinations have attracted the most attention, their effects still need to be quantified in terms of the fundamental properties of polymers, solids, and solvents. Some key behaviors and anomalies are outlined below.
Molecular weight effects.
Polymers with high molecular weight are usually employed as flocculants while those with low weight serve as dispersants. Recently, however, it was discovered that low molecular weight "dispersants" can act as flocculants if used in ultra low dosages (40a). The zeta potential of particles did not show any change due to the addition of such polymers under ultra low dosage conditions. Interestingly, as few as 10 of the polymer molecules per particle were sufficient for measurable flocculation (40b), suggesting that patchwise bridging is the reason for this type of behavior.
Molecular weight distribution.
Polymers such as polyacrylates adsorb on solids due to, among others, electrostatic, hydrophobic, and covalent forces, with marked effects on suspension stability. While normally adsorption increases with
FIG. 8.
Competitive adsorption between low-molecular-weight (4600) and high-molecular-weight (million) polystyrene sulfonates n-hematite (43a-43c). molecular weight (41, 42) , the opposite was the case with the adsorption of polystyrene sulfonate on hematite under lowionic-strength conditions ( Fig. 8) (43) . It has been proposed that this preferential adsorption of low-molecular-weight species on hematite is due to the ability of the smaller anionic molecules to diffuse to the surface faster than the larger ones and then keep similarly charged larger ones away by means of electrostatic repulsion by the adsorbed anionic species. When the ionic strength is higher, the electrostatic repulsion is minimized, allowing the larger species to get to the surface and even displace the smaller ones. Higher adsorption of the low-molecular-weight species was observed also in the case of the adsorption of polyacrylates on porous alumina when pores were relatively inaccessible to the larger molecules (44) . Preferential adsorption has also been found to take place in certain systems when the solid density of the suspensions is increased. Surprisingly, both the adsorption and conformation of the polymer seem to change as the solid loading is increased (45) . Control of such behavior might provide a means of countering severe dispersion problems encountered during the processing of concentrated slurries.
Challenges. Past work with polymers has generated innumerable questions on their interactions with solids. For example, in the case of floculation by the so called "dispersants," is the flocculation a dynamic effect where, even though no measurable change may be detected on the "net" zeta potential, enough polymers may dangle out at a given moment to tether other particles? Or, is it instead a cooperative effect, where polymer assemblies form on such particles which in turn can bridge particles with each other to form flocs? A complex task in this regard is modeling the adsorption and the resultant flocculation, while taking into account all the forces, especially the dynamic effects. In the case of preferential adsorption of smaller polymers under particular conditions and their displacement by larger ones under certain other conditions, it would be useful to understand the dynamics of such displacements and correlate them with changes in particle properties such as zeta potential during adsorption. Some of the questions that remain to be answered include whether molecular weight gradient or heterogeneity of the potential on the surface lead to regions of lower and higher molecular weight polymers on the surface; whether a surface pattern could be generated in a single step or programmed steps using this approach; in the case of porous particles whether the larger molecules slowly snake into the pores and displace the smaller molecules, and whether novel controlled surface reactions could be facilitated depending on the size and shape of the pores and the chirality of the species. Indeed, it will be useful to have a clear understanding of the following: what are the effects of such preferential adsorption on flocculation/dispersion, deposition/coating, rheology, and wettability; if the loss of stability of dispersions on long-term storage will be eliminated by monitoring and controlling the migration of polymers on the surface; and whether concentrated suspensions might be better stabilized by controlling the chromatographic separation of molecules.
POLYMERS/SURFACTANTS/HYDROPHOBICALLY MODIFIED POLYMER COMBINATIONS
As mentioned earlier, in most natural and commercial systems, more than one reagent is present and they often perform drastically differently from single ones (46a, 46b) . Thus, a combination of anionic polystyrene sulfonate and cationic polyacrylamide was able to flocculate alumina completely, while neither one was able to cause any significant effect when used alone (46c) . Another example of such unexpected dynamic effects is the forced adsorption of anionic dodecyl sulfonate on anionic silica by polyethylene oxide, with the subsequent eviction of polyethylene oxide off the surface by the sulfonate (47)! Furthermore, the sequence of addition of polymers and polymer/ surfactant combinations has a measurable influence on the coiling of the polymer even in the adsorbed state and on the flocculation/dispersion behavior of the suspension (Figs. 9 and 10) (48, 49) .
Some polymers that contain both hydrophilic and hydrophobic functional groups can flocculate or disperse hydrophobic or hydrophilic particles in aqueous or nonaqueous media depending on how much or how it is added (Fig. 11) (50) . These polymers can also form hydrophobic or hydrophilic microdomains and act as carriers of reagents (42, 51a, 51b) . Furthermore, the rheological behavior of these solutions is very sensitive to the presence of such domains even when present in very small amounts.
Challenges. The major questions in reference to the dual-or multipolymers or polymer/surfactant systems include whether the observed codispersion effects are due to synergy or antagonism in adsorption only or are also due to changes in the configuration or orientation of the molecules, and how a change in either would affect the other. In the dodecyl sulfonate/polyethylene oxide case, one might ask why the guest sulfonate species evicted the host polyethylene oxide, whether the complexation between the two in solution was more favored than that on the interface, and, finally, what the dynamics of these complexations modified polymers include what is the role of adsorption density and the conformation of hydrophobically modified polymers on solids in the same molecule producing the flocculated and dispersed states in aqueous and nonaqueous media using the same molecule; how is the state of the suspension determined by the way the functional groups on the polymer orient and how is the orientation governed by the polarity of the solid and the medium; is the adsorption/orientation reversible and if so what are the dynamics involved; what is the size/shape and polarity of the microdomains formed, and how do these properties respond to perturbations in solution properties such as pH, ionic strength, and temperature.
LIPOSOME/SURFACTANT INTERACTIONS
Most biosystems are composed of proteins, carbohydrates, cholesterols, lipids, minerals, and many other rarer components. Interactions among these components determine the stability of the systems. Even simple combinations of the relevant species studied show new and interesting effects. Thus, when a surfactant such as dodecyl sulfonate is added to a liposome made up of phosphatidyl choline and phosphatidic acid, initially the size of the liposome increases and subsequently it is solubilized (52) . Furthermore, while the addition of cholesterol stabilizes liposomes, proteins destabilize them; the reasons for this effect are still far from evident (53) . Electron spin resonance studies have shown the polarity and viscosity of liposomes to change to that of micelles of dodecyl sulfonate at sufficiently high concentrations of the surfactant (Fig. 12a) (53) .These results suggest that liposome stabilization by dodecyl sulfonate involves the adsorption of sulfonate on them, leading to an increase in size, and their subsequent disintegration into mixed micelles composed of liposome components and dodecyl sulfonate, resulting in a drastic decrease in size (Fig. 12b) . The actual processes by which such disintegration takes place are not known. Some preliminary results suggest that phosphatidic acid would exit first, leading to the weakening of the liposome structure and its dissolution. Similarly, the mechanisms by which species such as cholesterol stabilize liposomes and proteins destabilize them are also not known.
Challenges. In the case of the interactions of surfactants with liposomes, the key question is regarding the mechanism that determines the formation of mixed micelles from liposomes and the surfactant versus the adsorption of the latter on the liposomes. In this area some of the avenues that warrant investigation are how does the disintegration of liposomes take place; does some species exit first or do the liposomes simply fragment in one step, and, if so, what critical events determine such a process; why is phosphatidic acid forced out by the added surfactant; and where are cholesterol and protein located in liposomes, why do they affect the stability of the liposomes, and, finally, how does it relate to the stability of biomembranes such as those that make up skin or blood vessels?
APPLICATIONS (a) Flocculation
As indicated earlier, under conditions of similar adsorption density, flocculation or dispersion of a suspension can be obtained depending on the experimental path (Fig. 13) (54) . Also a dispersant can give rise to flocculation and vice versa under different dosage or usage conditions (40a, 40b) . When more than one polymer is used, the sequence of addition can also determine the state of dispersion (46c-49) . There are also biosystems where aggregation can take place, usually due to perturbations in their surrounding chemical or physical environment. Thus, blood will clot when exposed to air and microbes will clump when they encounter an appropriate substrate.
Challenges. The fact that flocculation or dispersion can be obtained at the same adsorption density raises questions about the roles of other properties like configuration or orientation such as what is the optimum configuration of the polymer for flocculation/dispersion; can the floc structure be controlled by tuning in a particular configuration; why "dispersants" act as flocculants under certain conditions and vice versa; how does sequential introduction of reagents affect the configuration of the adsorbed species and the subsequent colloidal state of the suspension; what is the dynamics (step by step processes) of any changes in the configuration and dispersion and how can it be monitored; and can the processes be described by a thermodynamic or kinetic model which can predict the effects of system parameters, i.e., properties of the solvent, polymer/surfactant, solid, or electrolyte?
(b) Deposition/Coating/Nanocomposites
It has been observed that one-dimensional and twodimensional polymer adsorption as well as flocculation can be obtained under low-polymer dosages (Fig. 14) (55) . In one of our studies, the adsorbed cationic polymer was spotted by decorating it with negatively charged silica spheres. In fact, different patterns (tiles, ellipsoids, rings, and discs) could be obtained by pretreating the substrate with various chemicals. Adsorption of the cationic polymer itself on glass was catastrophic and complete in less than a minute under relatively low dosage conditions (56). Most interestingly, zwitterionic particles were found to be capable of depositing on a substrate with similar negative charge while anionic particles of the same "net" charge were not! It was proposed that this preferential deposition was due to the selective stretching of the tethers on the particles: those tethers that are complimentary to the substrate reaching out and those that are antagonistic retracting. AFM experiments in fact showed that only the zwitterionic particles experienced an attractive force, while the anionic ones felt a repulsive force even though they carried the same net charge (Fig. 15) (7) . The similarity between the behavior of latex particles and microbes with fimbriae is to be noted.
Challenges. Some of the important issues here are determining what controls the oriented deposition of polymers and if it is due to surface heterogeneity, whether it is the result of chemical or morphological variations, and what causes the catastrophic adsorption which begins only after several seconds but proceeds to completion in less than a minute? In the case of zwitterionic particles, it would be instructive to learn if the stretching of the complimentary hairs and the contraction of the antagonist ones can be monitored in real time and whether they can be controlled/perturbed by external fields? An intriguing thought that follows is whether the forces in nature that stimulate/retard the behavior of microbes with such tethers can be simulated to create smart particles?
(c) Nanocomposites and Nanofilms
Nanocomposites have been successfully synthesized using core-shell type particles produced by coating core particles with nano shell particles, layer by layer (8, 59) . These particles have mechanical properties superior to those of ordinary composites. The production of such nanocomposites was facilitated by the controlled adsorption of polymers with appropriate functional groups. Uniform distribution of particles with desired chemical homogeneity could be attained.
FIG. 14-Continued
Challenges. In the synthesis of new types of nanocomposites, it would be useful to generate polymers with tethers that can deform as desired under different force fields, so that the nanocomposites made with them could be used for intelligent operations. The challenge here would be to generate such composites with different exterior or interior patterns by the selective removal or rearrangement of particles.
(d) Flotation
Minerals can be separated from each other using surfactants that adsorb selectively only on some of them. Adsorption of such surfactants and other additives on single mineral systems is governed by electrostatic, covalent, hydrogen boding, and, in some cases, hydrophobic forces. When more than one mineral is present, however, the adsorption phenomenon is very different and not predictable. Most importantly, these processes fail when applied to ultrafine minerals, the type that has to be currently exploited due to the depletion of higher quality ore bodies. It has been noted that fine bubbles generated by vacuum or electrolysis are capable of floating ultrafine particles.
Challenges. There is a dire need at present for surfactants and polymers that can selectively adsorb on desired minerals when present together. This is especially true when interference by dissolved species needs to be controlled. Although the effectiveness of microbubbles in flotation suggests new opportunities, why the fine bubbles are more effective, particularly with fine and ultrafine particles, is not known. Equally unclear is whether the observed phenomenon is due to increased capillary pressure inside the finer bubbles or some other dynamic process that operates to attach and detach particles during collision and the subsequent transport of the pulp.
(e) Biosurfaces
The most fascinating challenges of the future probably lie in the biointerfacial systems. The interactions of cells and microbes with each other and external agents are responsible for most beneficial and adverse physiological events. Growth as well as destruction of cells begin and progress with interfacial and colloidal interactions such as adsorption, permeation, and aggregation. As described earlier, the disintegration of membranes and liposomes by dodecyl sulfonate was found to be caused by the adsorption of the latter, followed by mixed micellization. The liposomes thus affected first grow in size and then fragment into smaller units (60) . Solubilization of phospholipids by surfactants has been studied by Lichtenberg et al. (61) and de la Mata et al. (62) . Microbes themselves are found to multiply much more rapidly when contacted with certain mineral substrates. Interestingly, their structure is markedly altered by the types of minerals and dissolved species that they encounter. For example, Bacillus polymixa grown in the presence of calcite is coated more with carbohydrate than proteins, while those grown in the presence of quartz are coated more with proteins (63) . We also find the same material, pretreated chemically or even thermally, to adsorb proteins very differently and possibly control cell attachment (64) . Thus, titania, treated by heating, oxidation, or surfactant coating, adsorbed fibronectin very differently. Moreover, titania that was oxidized and then treated with butanol adsorbed more fibronectin than others. Treatment of minerals for extraction of values as well as removal of pollutants has also been achieved successfully in recent times by the controlled selection and mediation of microbes (65, 66) . Clearly this opens up new avenues for treating pollutants and recovering values from wastes.
Challenges. A myriad of questions arise while examining the results obtained thus far in biosystems. For example, there is little information available at present on the nature of forces that determines the attachment of microbes to surfaces and chemicals such as surfactants and polymers to microbes. The current models based on DLVO theory or their modified versions cannot describe adequately the marked differences in the behavior of microbes or even simple liposomes. What causes, for example, dodecyl sulfonate to adsorb on the liposomes first and what triggers it to solubilize them? When surfactants or antimicrobial agents interact with microbes, where do they act: on the exterior surface, inside the membranes, or on the interior surfaces, and, once there, what is the dynamics involved in terms of both chemical and physical changes? It would indeed be interesting if the actual molecular movements could be monitored in real time. In our efforts with ESR to understand such phenomena, we found the ESR signal to disappear totally upon contact with microbes. How the ESR radical was converted and whether this technique could be used to monitor the presence of bacteria instantly are yet to be determined. In a similar vein, what causes a microbe to tolerate having its exterior envelope in contact with one substrate but not other and whether such a phenomenon could be utilized to protect living cells from carcinogens or toxics are also unknown. Some of the other questions that need answers include the following: in the case of titania treated with butanol, was there cooperative adsorption involved, and if so what configuration and orientation of the activator would be best for the protein uptake and can configuration be controlled so that only host tissue cells will attach to an implant but not the pathogenic bacteria? Also of interest are questions as to how proteins unfold when contacted with certain surfaces and polymers, and why they crystallize under certain conditions; what role such changes in conformation play in biological phenomena involved in dementia and Alzheimer's disease; and, finally, how conformation affects the growth or destruction of cells and whether conformational control can be exercised to promote repair of organs. There are many such vital questions and opportunities in the biointerfacial area, a field that could be considered to be only in its infancy in many ways.
CONCLUDING REMARKS
Clearly, the work done thus far using simple systems has given important insights into many colloidal phenomena that are basic to processes in complex systems. Colloidal processes in most natural and commercial systems, which are invariably dynamic, are not, however, understood or modeled with any reliable predictive power. Thus, in multicomponent mineral systems surface conversions take place that can totally destroy the selectivity required in beneficiation operations. Reagent schemes are required that can control such interferences. Opportunities exist to explore and utilize the dynamics of adsorption processes, particularly of tethers and polymers that can conform or reconform to cause dispersion, adhesion, or coating as required. In biosystems also, we have very little information on the dynamics of the colloidal processes involved as in the case of the interaction of microbes while they disintegrate or deposit on surfaces. Opportunities are abundant, particularly to examine and probe interfacial and colloidal phenomena on the atomic scale. With new probes for scanning at nanolevels and possibilities for probes that can follow the dynamics, a new horizon is appearing. The challenges have never been more fascinating.
